Background and the purpose of the study: Partition coefficients (log D and log P) and molecular surface area (PSA) are potential predictors of the intestinal permeability of drugs. The aim of this investigation was to evaluate and compare these intestinal permeability indicators. Methods: Aqueous solubility data were obtained from literature or calculated using ACD/Labs and ALOGPS. Permeability data were predicted based on log P, log D at pH 6.0 (log D 6.0 ), and PSA. Results: Metoprolol's log P, log D 6.0 and a PSA of <65 Å correctly predicted 55.9%, 50.8% and 54.2% of permeability classes, respectively. Labetalol's log P, log D 6.0 , and PSA correctly predicted 54.2%, 64.4% and 61% of permeability classes, respectively. Log D 6.0 correlated well (81%) with Caco-2 permeability (P app ). Of the list of national essential medicines, 135 orally administered drugs were classified into biopharmaceutical classification system (BCS). Of these, 57 (42.2%), 28 (20.7%), 44 (32.6%), and 6 (4.4%) were class I, II, III and IV respectively. Conclusion: Log D 6.0 showed better prediction capability than log P. Metoprolol as permeability internal standard was more conservative than labetalol.
INTRODUCTION
Systemic bioavailability of an orally administered drug is largely dependent on its physicochemical properties and dosage formulation factors (1) . Sophisticated modeling of the kinetics and dynamics of drug processes in the gastrointestinal tract subsequently led to the advent of the biopharmaceutical classification system (BCS) (2) . According to the biowaiver, any possible variation in the bioavailability of a rapidly dissolving and highly soluble drug is attributed to physiological conditions rather than formulation and hence there is no logic in conducting a bioequivalence testing for such formulation (2) . BCS offers a framework for development of pharmaceutical formulations. It has been estimated that the pharmaceutical industry can save $35 million annually through the applications of BCS (3) . Assignment of the solubility and permeability classes of a drug is a laborious task. Lately, computational models to predict aqueous solubility and permeability through biological membranes have received considerable attention. The use of physicochemical properties in predicting in vivo behavior of drugs has many advantages including cost reduction; better control over protocol, reproducibility and avoidance of risk presented to human volunteers usually encountered in the bioequivalence studies (4) . Molecular surface properties and partition coefficients have been used actively in construction of quantitative structure activity relationship (QSAR) models to predict intestinal permeability (2, (5) (6) . This study reports for the first time an evaluation and comparison of pH-dependent and pH-independent n-octanol/water partition coefficients (log D and log P) and polar surface area (PSA) in prediction of intestinal permeability of drugs. The log D at physiologically relevant pH of 6.0 (log D 6.0 ) was used to provisionally classify the orally administered drugs on the list of national essential medicines (NEML) of Pakistan into BCS.
MATERIAL AND METHODS
The present revision of the NEML contains 335 medicines of different pharmacological classes (7) . The highest dose of drug products available in oral dosage forms, i.e. oral tablets and capsules, were used.
Solubility
The dose number (Do) was calculated using equation 1:
Where Mo is the highest dose strength (in mg), C s is the solubility (mg/ml), and Vo equals to 250 ml (8) . The most conservative data measures were used and experimental aqueous solubility data triumphed over predicted data. Experimental solubility data were obtained from Yalkowsky & He (9) and Drugbank (10) which in the later, data were originally from (11) . Data reporting the pH and temperature at which the aqueous solubility of the compound was measured were favored. Solubility data for the rest of the drugs were calculated using ACD/Labs (ACD/Labs, version 6.0; Advanced Chemistry Development: Toronto, Canada) and ALOGPS (ALOGPS, version 2.1. The Virtual Computational Chemistry Laboratory, VCCLAB, Germany). The ionization constant (pKa) values were obtained from the literature (12) .
Permeability
Log D and log P are linked through the equations 2 and 3: For acids:
For bases:
Log D= Log P -Log (1+10 pKa-pKa )
Both log P and log D values were calculated using ACD/Labs. Similarly, PSA values were estimated using ACD/Labs.
RESULTS AND DISCUSSION
Previously the orally administered drugs on the World Health Organization (WHO) essential medicine list (EML) were provisionally classified into BCS (13) (14) . The NEML contained 135 orally administered drugs. It has been emphasized that the maximal administered dose to solubility ratio has a central role in the BCS (15) . The NEML contained 89 drugs in common with the WHO's EML while in term of doses, only 46 were similar (Table 1) .
Solubility correlation and class assignment
Lindenberg and colleagues classified 61 drugs with certainty on the basis of reliable practical solubility data. A total of 59 drugs were in common with Lindenberg's list (13) . ACD/Labs calculated solubility and predicted correctly that 51 (86.4%) of the solubility classes; whereas, data obtained from Drugbank and ALOGPS could correctly predict 76.3% and 78% of the drugs classified, respectively (Supplementary table 1) . Solubility class assignment was compared to the WHO solubility classification (16) . Of the 80 drugs in common, 66 drugs (82.5%) were classified in the same solubility classes, whereas, of the 14 drugs for which the solubility classes were different, 6 drugs were classified based on incomplete/ inconclusive data and 3 drugs had higher or lower doses on the NEML as compared to the WHO's EML (Supplementary table 2 
Permeability correlation and class assignment
Kasim and colleagues used metoprolol as internal standard indicating high permeability (14) . Palm and colleagues showed that PSA of <60 Å ensured complete intestinal absorption (6); however, Kelder and colleagues showed drug intestinal permeation predominated by passive diffusion and paracellular route for drugs with PSA of less than 120 Å (17) . When log D 6.0 of -1.48, log P of 1.35, and a relaxed PSA of ≤65 Å were used to indicate high permeability of the 59 drugs in common with the Lindenberg's list, cutoffs correctly predicted the permeability class of 30, 33 and 32 drugs (50.8%, 54.2% and 55.9%), respectively (Supplementary table 3 ). The fraction absorbed (Fa) of metoprolol (≥95%) is considerably even more conservative than permeability criteria (≥90%) of the Food and Drug Administration (FDA) (18) . The use of labetalol as high permeable internal standard (Fa ≥90%) was evaluated using log D 6.0 of -0.42, Log P of 2.31, and PSA of ≤95.6 Å. These cutoffs correctly predicted the permeability class of 38, 32, and 36 drugs (64.4%, 54.2% and 61%), respectively. When WHO's classification (16) where compared with the current classification in table 1; of the 80 drugs in common, 62 drugs (77.5%) were classified in the same permeability classes, whereas, of the 18 drugs for which the permeability classes were different, 11 could be correctly classified by their PSA values (Supplementary table 2) . To further verify the suitability of the permeability class assignment based on log D 6.0 , the Caco-2 monolayer permeability (P app ) values for a total of 22 drugs which were in common with a previous work (13) were obtained; these values were basically compiled from the literature. The P app value for labetalol was obtained from literature (15) . Log D 6.0 correctly predicted the permeability class for 18 (81.8%) of the 22 drugs (Supplementary table  4) . Furosemide, hydrochlorthiazide, saquinavir, and sulphasalazine were false positives. Similarly, the PSA of ≤95.6 Å (PSA of labetalol) correctly predicted the permeability class for 18 (81.8%) of the 22 drugs (Supplementary table 4) . Acetylsalicylic acid, atenolol and zidovudine were false positives, whereas, digoxin was a false negative. The PSA of ≤65 Å correctly predicted only 15 (68.2%) out of the 22 drugs compared. In the study of Kasim and colleagues, the log P of metoprolol correctly predicted 18 of 28 (64%) drugs (5). The permeability classes were assigned using log D 6.0 in comparison to labetalol which was used as internal standard. In this classification, 128 (94.8%) of the 135 drugs on the NEML were classified, of these, 83 (64.8%) were assigned in high permeability, while the rest of 45 (35.2%) were assigned in low permeability classes. The rest of the 7 (5.2%) were classified according to their PSA values. Of these 2 (28.6%) were classified as high permeability drugs, while the rest of 5 (71.4%) were classified as low permeability drugs. The final BCS classification of the 135 orally administered drugs on the NEML is given in table 1 and class distribution is shown in figure 1 . Literature often reported solubility data at room temperature. In contrast, the current solubility classification methodology yielded an acceptable accuracy of 86.4% and 78.3% for ACD/Labs and Drugbank solubility values respectively. Moreover, the current classification of solubility criteria were conservative since the solubility usually increases as a function of temperature, therefore, the solubility values at 37°C would be higher than the values used. In vivo human permeability investigations are expensive in terms of financial resources and technical allocations; and moreover are time consuming. Several reports described a certain correlation between physicochemical properties of drug molecules with intestinal absorption (6, (19) (20) (21) (22) . Linnankoski and colleagues suggested that passive diffusion predominates the routes of intestinal administration for the majority of the drugs (20) . Although influx and efflux transporters have an important role in the absorption of some drugs, interestingly, for the majority of drugs the active transport is actually negligible (20) . Most of the drugs available in the market are ionizable molecules; therefore, passive diffusion of these ionizable drugs is partly governed by their pKa values. Consequently, log D at physiologically relevant pH should better reflect the overall distribution (ionized and unionized) of a drug (22, 23) . Recently, labetalol was suggested as a better internal standard in the permeability comparisons (24) . The effective intestinal permeability (P app ) is typically the parameter reflecting both the rate and extent of intestinal absorption. In the current classification, labetalol was used as internal standard. In accordance with results of this study, Winiwater and colleagues found a correlation between P app , log D at pH of 5.5, PSA and hydrogen bond donors, the use of log D 6.0 gave better predictions than log P (22) . Similarly, Linnankoski and colleagues established a correlation between the intestinal absorption rate constant (K a ) with log D 6.0 and PSA (20) . 
